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In liquid metal cooled fast breeder reactors, electromagnetic-flowmeters (EMFs) have been extensively used. To calibrate any performance degradation, it is desired to develop an appropriate method without taking the EMF out of the system. A correlation method is applied for calibration in in-service conditions.
The flow rate is obtainable from the propagation velocity of the voltage fluctuation. However, the propagation velocity of the fluctua tion is larger than the mean flow velocity.
In this paper, the relationship between the flow velocity distribution and the fluctuation frequency is considered and a method of correcting the propagation velocity is proposed based on fluid mechanics.
In the case of the 12 in. diameter EMF in "JOYO" reactor, the fluctuation propagates with the average velocity in the region from the pipe center to 0.79 times the inner radius. Then the calculated correction factor which transforms the propagation velocity of the fluctuation to the mean flow velocity is 0.937 and fairly agreed with the measured data. The calibration error of the correlation method does not exceed +-2%. The accuracy of 2% is comparable with that of the calibration by real flow in test loop. In liquid metal cooled fast breeder reactors (LMFBRs), electromagnetic-flowmeters (EMFs) have been extensively used to measure the coolant flow rate because it is easy to assure tightness of the coolant boundary and because of their stable and linear characteristics")- (4' .
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In consideration of the EMF degradation, which may affect its stability, it is necessary to calibrate the EMF at appropriate time intervals. However, because of the difficulty in removing the EMF from the system, the calibration by real flow in a test loop is almost impossible. Therefore, it is desired to develop a simple and accurate calibration method without removing the EMF from the system.
One of the attractive in-service EMF calibration methods is the correlation method"''"). In this method, a cross-correlation function is computed between the output voltage fluctuations, which are observed by a pair of electrodes attached to the pipe along the fluid flow direction. These voltage fluctuations are caused by flow velocity fluctuations. The prapagation time of the fluctuation, i.e. the delay time which maximizes the cross-correlation function is considered to be the passing time of the fluid between the electrodes. The propagation velocity is obtained by dividing the distance between the electrodes by the propagation time, and the flow rate is determined by multiplying the propagation velocity by the cross section of the flow pipe.
Although the usual cross-correlation method is based on the hypothesis that the flow velocity fluctuation propagates with the mean flow velocity of the fluid, the propagation velocity of the output voltage fluctuations of the EMF does not directly indicate the mean flow velocity because the fluid flow has a velocity distribution in the pipe and the output voltage of EMF is expressed an integral of the flow velocity multiplied by a weighting function over the whole cross section of the pipe.
In the present paper, this situation is investigated in detail and applicability of the correlation method to the EMF calibration is discussed, theoretically and experimentally. The process in which the turbulent behavior of the flowing fluid is transformed into the voltage fluctuation is considered and the propagation velocity of the voltage fluctuation is related to the mean flow velocity from the viewpoint of the flow velocity distribution in a pipe. Then a practical method of the EMF calibration using cross-correlation of the output voltage fluctuations is established. An application of the method to the calibration of the 12 in. diameter saddle coil type EMF in the primary cooling system of "JOYO", the first sodium cooled experimental fast reactor in Japan, is shown, and effectiveness of this method is proved by experiment.
II. DERIVATION OF THEORETICAL EQUATION
First, the cross-correlation function of the voltage fluctuations is expressed using flow velocity fluctuations. Then, the relationship between the flow velocity distribution in a pipe and the frequency of the flow velocity fluctuation is considered. Finally, from these results, the correction factor which transforms the propagation velocity of the fluctuation to the mean flow velocity is deduced.
Formulation of Correlation Function
The coordinate system for expression of turbulent flow in a pipe is shown in Fig. 1 . The inner radius of the pipe is a, and the variable p is defined as p=r/a. Then u(t, p, t, z) is defined as the instantaneous velocity at point (p, t, z) along the z-axis, and the local mean flow velocity u(p, t, z) and the velocity fluctuation u'(t, p, t, z) at the point (p, t, z) are expressed by
Often we will omit some variables in the parentheses whenever no confusion will result. The output voltage fluctuation, vi(t) is represented by the following formula.'" : 
where It is assumed that the electrical conductivity of the pipe material is zero. This is a reasonable assumption for simplicity since the liquid metal coolant has an electrical conductivity several times larger than that of the pipe material and little current circulates in the pipe wall. The cross-correlation function, w12(r) of the voltage fluctuations vi(t) and v 2(t) is derived as follows : ( 4 ) for ( 5 ) Here 
then we obtain (7) In the hypothetical case where the flow velocity is uniformly distributed in the pipe, several simplifications are possible. The u' propagates with a equal to U, the total crosssectional mean flow velocity results in U= L/tm. Here, tm is equal to t which maximizes RL(r, p, p, t, t) or 4ai2(z), and is the optimum prediction of the propagation time of u' between the electrodes in the sense of the least square method. In the actual case where the flow velocity is non-uniformly distributed, we can not directly find the distinct relationship between U and T. as in the uniform case.
However, if the fluctuations make dominant contribution to RL in the region from the pipe center to some distance, where the flow velocity distribution shows moderate variation with the distance from the pipe center as shown in Fig. 2 , Tin becomes nearly equal to the passing time of the fluid near the center between electrodes.
Then we can determine U from the flow velocity near the center based upon a knowledge of fluid The correlation becomes weaker as u'(t+to, p, t, z2) varies from u'(t, p, t, z1). Then, there can not be the strong correlation in the case where a number of changes in the sign of u' occur during the propagation between the electrodes.
Since the upper bound frequency without change of the sign is given by u(p)/2L, the maximum frequency v(p) of the variation showing a strong correlation will be represented by (8) where k is a correction factor and will be determined from the measured coherence function experimentally.
On the other hand, according to fluid mechanics, the derivative du(p)Idp of the local mean flow velocity 0(p) is represented for any t and z, if the flow is fully developed, as follows'" : (9) where u* is the shear velocity.
Integrating and rearranging Eq. (9), we obtain the following equation as shown in APPENDIX : (10) for (11) (12) (13) where is the friction coefficient and the relationship u*=rl/8U is used. Integration of the right-side of Eq. (13) is calculated in APPENDIX and I(p')|p'=1=4.070.
Considering that the velocity fluctuation is caused by a repetitive process in which the turbulence is generated and disappears after running the mixing length 1, the frequency f(p) of the velocity fluctuation at (p, t, z) should be given on the average as follows'") :
Substituting Prandtl's mixing length'" for 1 in Eq. (14), we obtain (15) where s=1-p and vi(p) is a component of the velocity variation along the radius direction. From Eqs. ( 9 ) and (15) as the boundary beyond which the velocity fluctuation does not contribute to R1 .
Derivation of Correction Factor Describe the value of p which establishes n(p)=f(p)
and the cross-sectional mean flow velocity in the region from the pipe center to p as po and U(p0), respectively.
Then, the following relationship results :
Averaging u(p) over the range, 0<=p<=p0 and rearranging leads to (18) From Eqs. (17) and (18), the total cross-sectional mean flow velocity U is derived as follows :
where l can be obtained from the following equation (9) : (20) if the Reynolds number
is known. Here p and p are the density of and viscosity of the coolant, respectively. As 2 does not appreciably change with U for greater values of Re, we can calculate the approximate value of 2 using L/tm for U to obtain Re. (If a more exact value is required, iterative calculations are recommended.) Therefore, we can obtain U from Eq. (19), and the flow rate Q is obtained as follows : (22) where (23) 15 -
II. EXPERIMENTS
Experiments were made to examine the calibration method for the 12 in. diameter saddle coil type EMF. The EMF used in the experiment is vertically installed in the primary cooling system of "JOYO" as shown in Fig. 3 . The specification of the EMF is shown in Table Table 1 Specification of EMF used in experiment ( 2 ) Power Spectrum Densities The power spectrum density function is defined as follows :
The autopower spectrum density P11(f) was obtained to investigate the harmonic components of the fluctuation signal.
Some examples of the results are shown in Fig. 6 . According to the results, the frequency which gives maximum power is at most 2.5 Hz and decreases as the flow rate does. The frequency is almost proportional to the flow rate. This property is consistent with Eq. (16) because l and ru'2(p)/ru'(p)v'(p) hardly change with U. In the same manner, the frequency which gives -30 dB power is at most 25 Hz and decreases as does the flow rate. The measured |P12(f)| was very similar to the autopower spectrum density. An example of the measured phase angle p(f) of the crosspower spectrum is shown in Fig. 7 . In the figure, a line corresponding to 28.27 Ms of the propagation time, which is measured by the cross-correlation function, is also shown. The propagation time of each frequency component is given by p(f)/2pf. It is clear that the propagation velocity of the lower frequency components is larger than that of the higher frequency components. Therefore, it is satisfactory to consider that the lower and higher frequency components are caused by the velocity fluctuations generated near the center and near the wall of the pipe, respectively. In the propagation time measurement, to obtain a statistical error smaller than 1%, Fig. 8 Coherence function Fig. 9 Cross-correlation function the fluctuation signal was processed based on the results of Ref. (11) as follows : the sampling interval and sample size were 0.5 ms and 24,576 per channel respectively, and the correlation function was obtained from the average of three independent measurements. The calculation is made in the time domain.
The result of the propagation time measurement is indicated in Table 2 , where Qr is the reference flow rate measured by the electromagnetic method which is generally used, r, is the measured propagation time and Qc is calculated by pa2L/tm, i.e. flow rate without correction.
The values following the sign +-in tm are the measured standard error in 11 time measurements of the correlation function obtained as above mentioned. Figure 10 shows the comparison of Qc with Qr.
It appears from the table or figure that Qc can be corrected by multiplying by a factor.
The factor is in the range of 0.928~0.943 and the mean value is 0.936. The measured statistical error of the propagation time is about +-1% and the reproducibility of the measurement is good. Correction of the systematic error is described in the subsequent section in detail.
IV. DISCUSSION
As confirmed experimentally, the propagation velocity of the lower frequency components of the fluctuation is larger than that of the higher components. This is due to the fact that the flow fluctuation propagates with each local mean flow velocity.
Therefore, in order to obtain the true flow rate, the flow velocity distribution in a pipe must be taken into account.
To obtain the correction factor in Eq. (23), the values l, po and I(pa) are required, and 2 can be calculated by Eq. (20) provided that Re is known.
The following formulae can be used to obtain p and m for calculating Re (12) : (27) (28) where t represents the sodium temperature in dc.
To obtain pa we have to define the criterion of strong correlation.
Here we temporarily assume G212(f)=0.7 as the criterion. Then, Po is obtained from f(po) which establishes G212(f(p0))= 0.7 using Eq. (16) in the same manner as in the previous chapter. The i(p0) can be calculated using the formula derived in APPENDIX. Thus, Re, l, f(p0), p0 I(po) and K are obtained as shown in Table 3 for the experimental conditions.
The correction factor K is in the range of 0.935~0.938 ; while Qr/Qc, which is considered to be a measured factor, takes values in the range of 0.928~0.943. The mean value of Qr/Qc and of K are 0.936 and 0.937 respectively. Broadly speaking, po equal to 0.79 gives K=0.937 which means the flow velocity obtained by the correlation method is crosssectional mean flow velocity in the region of 0.79a from the pipe center. The corrected flow rate Q is obtained by multiplying Qc in Table 2 by the average value of K, i.e. 0.937. Figure 10 shows the comparison of Q with Qr. It appears from Table 3 that Q agrees within +-1% in the full range of the measurement.
In the derivation process of K, we assumed n(f)=0.7 as the criterion of the strong correlation so far. However, the correction factor K does not vary so much with the value of riz,(f) as the criterion. For example, in the case of 1,298.5 m'/h, K takes the values in the range of 0.932~0.938 for 0.8>=G212(f)>=0.6; and the variation of K for the range of I12(f) is at most 0.6%. The value around 0.7 of T;22(f) is appropriate as the criterion of the strong correlation.
The total error which contains the statistical one is within +-2%. The accuracy of 2% is comparable to that of the initial calibration of the EMF which was done in a sodium test loop before installation. Thus, we can determine the correction factor from the measured coherence function and the cross-correlation method is successful for the calibration of the EMF.
V. CONCLUSION
The followings were concluded from the study : (1) The lower and higher frequency components of the voltage fluctuations are caused by the flow fluctuations generated near the center of and near the wall of the pipe, respectively. Since the flow velocity near the center is larger than that near the wall, the propagation velocity of the lower frequency components is larger than the velocity of the higher frequency components. (2) The nominal propagation time obtained by the correlation method is equal to the average value of those of the frequency components weighted by the magnitude of Table 3 Corrected flow rate and parameters used in correction the crosspower spectrum of the fluctuation. Then, the propagation velocity obtained from the correlation method does not directly indicate the mean flow velocity of the fluid. (3) However, in the case where the Reynolds number is larger than 105 and the distance between the electrodes is appropriate to sense the correlation of the flow fluctuation around the pipe center, where the flow velocity distribution shows moderate variation with the distance from the pipe center, the propagation time obtained by the correlation method indicates that of the fluid near the pipe center. As the ratio of the average flow velocity in the range near the center to the mean flow velocity is determined when the flow velocity distribution in the pipe is known, the flow rate can be obtained. (4) The correction factor which transforms the flow velocity by the correlation method to the true one can be determined from the coherence function by taking into account the flow profile and the frequency distribution of the velocity fluctuation in a pipe.
In the case of 12B EMF of "JOYO" primary cooling system, the calculated correction factor was 0.937 and fairly agreed with measured data. In this connection, the flow velocity obtained by the correlation represents roughly the average one in the region from the center to 0.79 times the inner radius of the pipe. (5) The calibration error of the correlation method does not exceed +-2%. The accuracy of 2% is comparable with that of the initial calibration in a sodium test loop before installation. It is judged from these results that the correlation method is successful for checking the degradation of the EMF characteristic and in-service calibration of "JOYO" primary EMF using the correlation method is pursued.
[NOMENCLATURE] Power spectrum density Then, we have 24 -
